Abstract: Robotics is one of the most important technologies that affect human being in the twenty-first Century. Motion control is still the classical and difficult research problem in domain of industrial robot technology. In this paper, the important technical problems and research progress of the motion control of industrial robots are discussed. These problems include the identification of the dynamic parameters, trajectory planning, trajectory tracking and dynamic motion control of industrial robots. This paper also analyzes the direction and development trend of the future researches on these problems to adapt to the requirements of the expanding applications and escalating performances.
Introduction
After entering the twenty-first Century, under environment of rapidly developing technology and the increasing demand of people, robot technology has attracted unprecedented attention. It is regarded as the core of the new technology revolution [1] . Especially in recent years, to cope with the changes in the economic situation and the shortage of labors in the market, many enterprises actively began to upgrade their devices. The International Federation of Robotics (IFR) predicted that in 2018, China's industrial robot sales will reach 180 thousand, accounting for one third in the world. The total amount value of China's industrial robot market will reach 600 billion dollars in the next decade [2] . In April 2016, the Ministry of Industry and Information, Ministry of development and reform and the Ministry of Finance jointly issued the robot industry development plan (2016) (2017) (2018) (2019) (2020) , and put forward that by 2020, the annual output of autonomous brand industrial robots will reach 100 thousand units. The robot technology and industry have entered a new period of development in China.
From the aspect of long period of development, industrial robots will gradually replace the manual operation, this trend demands the increasing performances of the intelligence, stability, high efficiency, high precision and high speed [3] . The final performance depends on the joint performance of motion control. So, the joint motion control is the fundamental and classical problem to research.
Articulated industrial robot is a typical industrial robot with several joints. It has the properties of time-varying in parameters, strong coupling between different joints and nonlinear dynamic characteristics. It is very difficult to achieve precise and fast control based on mathematical models [4] . Firstly, the establishment of the precise model and identify the model parameters is very difficult because of the measurement errors, the clearance of mechanical transmission and the influence of wear. Secondly, the nonlinear characteristics of the system, the coupling interference between the mechanisms, the computation speed of traditional control strategy and the dynamic characteristics of the mechanism also constrains the extent to improve the control performances [5] . Thirdly, industrial robot cannot predict external disturbances such as load changes, manipulator deformation and motor working conditions, which seriously influence the performance of robots. Independent joint PID servo control is the commonly applied for the general purpose industrial robots. It is difficult to satisfy the requirements of the specified trajectory with high speed and high precision in tracking operations.
In recent years, many research institutions and researchers proposed a lot of control strategies such as calculation of torque feedforward control, sliding mode variable structure control, linear quadratic regulator(LQR), robust control, artificial neural network [6] to solve the problem of motion control. However, most of these algorithms have limitations in algorithm complexity, control performances and adaptive conditions. They are usually difficult to be applied as robust algorithms [7] .
The researches on motion control of industrial robot involves many aspects. In this paper, three problems, namely the dynamic parameter identification, trajectory planning and trajectory tracking control of industrial robots, of the research progress are to be explored in section 2-4. The development trend and potential solutions of these three problems are presented in section 5. Finally, the conclusion is presented in the end.
Parameter identification
There are several matrices comprised of the parameters to be identified in the inverse dynamic equations. They are inertia matrix, Coriolis and Centripetal coupling matrix, the friction force matrix and gravity loading matrix. Each element in these matrices are varying with the current pose of the industrial robot. In trajectory tracking control, the computation torque control depends on the precise dynamic model. These parameter identification of the model is the premise of trajectory tracking control. Billings proposed cross correlation decoupling parameter identification method, Gautier proposed inertial parameter minimum set and least squares method, Olsen proposed maximum likelihood method and so on. For the new flexible arm robot and parallel robot, the researchers also put forward the optimization and weighted least square method under the constraint conditions [8] .
In recent years, intelligent algorithms and optimization theories developed rapidly and played a significant role in the research of robot parameter identification. Khakassia put forward the method of dynamic characteristics based on the nonlinear function characteristic of neural network model, and verified it on Stanford six degree of freedom robot. After that, Anh used a new MIMO NARX neural network model with a new inverse dynamic transformation, and trained neural network model by the input and output data to get a better identification precision [9] . Bingul et al. proved that with least square (LS) and particle swarm optimization (PSO) the estimated can predict the dynamic characteristic better [10] . Koker et al. proposed a combined algorithm of neural network and genetic algorithm for parameter identification and inverse kinematics problem Stanford robot [11] . Danping Yan proposed a heuristic particle search algorithm to identify the parameters of industrial robot [12] , the author thought the proposed algorithm can better identify the model parameters.
The intelligent algorithm is insensitive to the characteristics of the kinematics model, and can search flexibly in the multidimensional nonlinear space, the advantages is obvious in the application of parameter identification. Although researchers have made many explorations on robot parameter identification, it's difficult to achieve practically because the industrial robot has many parameters, unpredictable load and flexible operation requirements. So far, there is no generally applicable and practical methods.
trajectory planning of industrial robot
The requirements of peed, stability and accuracy are different for different applications. Because trajectory planning is the key step to ensure the operation standard, it has also become an important research topic in the field of robot.
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The early trajectory planning mainly pursued shorter running time and smoothness, moving speed, acceleration and jerk. Bazaz and Tundou concluded that the simplest curve to connect every point in the joint space is the cubic polynomial curve, and later innovated to quintic polynomial curve to get better accuracy and stability [13] . Since then, a large number of studies focused the problem of the transmission stability and the optimal executive time [14] . Cho et al. proposed to minimize torque and jerk to produce a more smooth motion path [15] . The latest research was aimed at the least energy consumption, and applied the iterative dynamic programming [16] or weighted objective function to optimize the [17] working parameters. To make the algorithm closer to reality, some studies also considered the barriers and joint moving limits [18, 19] .
At present, there are many ways to accomplish the trajectory planning for specific tasks within a given time. These algorithms are gradually improved, and the working conditions are set to the real environment. However, the online trajectory planning is still lack of practical application. Besides, there are limited methods and techniques to minimize the trajectory execution time, energy consumption and other types of multi-objective optimization.
Trajectory tracking control
The trajectory tracking control for industrial robots is the dynamic control of the joints. Dynamic trajectory control based on Newton_Euler or Lagrangian energy equation was the integration of research results before 1985, and became a classical method of robot joint dynamic control. However, the calculation of this method was very large, and it was difficult to be applied in the computer at that time. Armstrong and Luh et al. put forward the method of repeatively training and iterative computation in real time, so that the amount of computation was greatly reduced. These studies became the basis of the trajectory tracking control of the robot [20] . There were two major problems that restrict the application of Newton_Euler or computational torque control methods, namely, the parameter errors of the model and the uncertain factors that affect the operation of the robot [6] . The ideal control performance cannot be obtained through the calculated torque feedforward control alone.
Researchers tried many new control methods for different applications. The PID control of independent joints cannot overcome so many disturbances to achieve high control accuracy. Ajwad and Fei Y designed intelligent PID controller to improve the control effect by optimizing the parameters, improving the measurement and cascading multi-controller [21, 22] . The hierarchical intelligent control structure, Particle Swarm Optimization (PSO), Genetic Algorithm (GA) or Evolutionary Programming (EP) and other intelligent algorithms were combined to optimize the parameters of controller, the control performance was greatly improved. As the innovation of specific applications, the stability and universality of these methods need to be further studied and verified.
Moreno-Valenzuela J. and others studied the application of robust control [4, 23, 24] . The main idea was to ensure that the robot system be stable and maintain a certain performance indice within a certain range of uncertainties. Robust control is a kind of fixed control and is easier to implement. The design of the general robust control system is based on the worst situation, so the system generally does not work in the optimal state. Topalov A.V. and others studied the application of adaptive control methods to deal with the nonlinear and time-varying problem of industrial robot [25, 26] . The method continuously monitors the characteristics and environment information of the controlled object during operation, automatically changes the parameters and structure of the controller, and adjusts the control function automatically, so as to ensure the system achieves ideal control quality.
Variable structure sliding mode control is a method with high attention in recent years. Ajwad S. and A. Jasim, I. F studied the variable structure sliding mode control in the application of industrial Advances in Engineering Research, volume 164 robots [24, 27] , aiming at the nonlinearity, time-varying parameters and external disturbances. The accurate mathematical model is not a necessity. It drives the state run in a sliding surface to achieve accurate trajectory tracking control of the system. The iterative learning control theory was proposed and applied to the trajectory tracking of industrial robot by Aromoto et al. [28] . This method imitates human learning process without relying too much on the dynamic model of the robot. It constructs the learning rule according to the previous or current output of the robot object, so that the robot could track the trajectory accurately in a limited time. On this basis, the methods of iterative learning and mathematical models, neural network [29] , adaptive control [30] , decoupling and dynamic compensation [31, 32] were also studied.
The trajectory tracking control of industrial robots has been widely studied by scholars with various theories and methods. However, the real-time control has not been well solved [33] , especially in the case where higher response speed, tracking precision are explicitly specified.
research direction and development trend
As indicated in section4, due to the complex characteristics of industrial robot and the diversity of application requirements, motion control based on parameter identification, trajectory planning and trajectory tracking of industrial robots is still the basis and key problem for the application of industrial robot [3] . In a sense, the performances of motion control determine the design level and application scope of the robot. The researchers all over the world have been carrying out researches on this issue for decades. Moreover, with the expansion of the range of application and the improvement of control requirements, the study of this problem will continue in the next few decades.
In parameter identification, the traditional methods of detection and identification are deficient in the design, applicability and accuracy. It could be the main research direction to realize fast and reliable online identification by combining optimization and intelligent algorithm.
In trajectory planning, besides to consider the working environment, dynamic characteristics of robot system and the constraints of robot workspace, to achieve the shortest path, minimum energy consumption and smaller jerk should be the main research direction.
In the trajectory tracking control, aiming at the characteristics of nonlinearity, strong coupling, time-varying, uncertainty, the research direction could be applying advanced intelligent control algorithm, neural network, adaptive sliding mode, and iterative learning to realize stable and reliable trajectory that meet the requirements of speed and precision indices.
Conclusion
Robot is one of the most important technologies in twenty-first Century. Motion control is still the key problem in the research domain. Strengthening the research of basic theory and practice of robot motion control is helpful to improve the performance of industrial robot and expand its application range.
In the study of robot motion control, the parameters identification, trajectory planning and trajectory tracking control are three traditional problems. In this paper, the recent research methods and progress are introduced, and the future direction and development trend of these problems are analyzed.
